Abstract. The use of fibre reinforced plastics -FRP's -in structures is under a considerable increase. Advantages of their use are related with their low weight, high strength and stiffness. The improvement of the dynamic characteristics has been profitable for aeronautics, automobile, railway, naval and sporting goods industries. Drilling is a widely used machining technique as it is needed to assemble parts in a structure. This is a unique machining process, characterized by the existence of two different mechanisms: extrusion by the drill chisel edge and cutting by the rotating cutting lips. Drilling raises particular problems that can reduce mechanical and fatigue strength of the parts. In this work, quasi-isotropic hybrid laminates with 25% of carbon fibre reinforced plies and 4 mm thickness are produced, tested and drilled. Three different drill geometries are compared. Results considered are the interlaminar fracture toughness in Mode I -G Ic -, thrust force during drilling and delamination extent after drilling. A bearing test is performed to evaluate tool influence on the load carrying capacity of the plate. Results consider the influence of drill geometry on delamination. A correlation linking plate damage to bearing test results is presented.
Introduction
For the past decades fibre reinforced plastics are increasing their importance as one of the most interesting group of materials, due to their unique properties of low weight, high strength and stiffness. Although earlier development was related with aerospace and aeronautical industries, recent years had seen the spread of their use in many other industries like automotive, railway, naval, sporting goods and others. Concerns related to high cost and marginal manufacturability have been satisfactorily addressed through high volume production and innovative design. In spite of these advances, their use is still limited, due to high cost normally associated to machining and finishing operations. Machining of composite materials can cause some damages, like delamination, fibre pull-out, cracks or thermal degradation. These machining defects cause a loss of the load carrying capacity of the laminate, which is undesirable [1] . A high rate of tool wear is normally associated with fibre reinforced plastic laminates machining, due to the high abrasiveness of the reinforcement fibre [1] , increasing total operation time by the need of frequent tool changes. It is important to obtain good quality holes, based on a correct knowledge of the material used.
The importance of tool geometry in delamination reduction is evidenced by several published papers on the subject. Piquet et al. [2] suggested the use of a great number of cutting edges, from three to six, a point angle of 118º for the main cutting edges and a small rake angle. The use of pre-drilling neutralizes the chisel edge effect. A low feed rate can reduce delamination.
Stone and Krishnamurthy [3] studied the implementation of a neural network thrust force controller. Persson et al. [4] presented an orbital drilling method, where the hole is machined both axially and radially. Davim and Reis [5] studied the effect of cutting parameters on specific cutting pressure, delamination and cutting power in carbon fibre reinforced plastics. Tsao and Hocheng [6] analyzed the effect of a backup plate on delamination, in order to understand and explain the advantage of its use in composite laminate drilling. In another paper, the same authors [7] conducted a series of practical experiences to prove the benefit of using special drills, comparing the effect of their use on delamination. They also illustrated this advantage by means of mathematical models. Finally, Tsao [8] evaluated the importance of pilot hole on delamination reduction when using core drills.
The role of thrust force, which can be easily related with feed rate, to delamination onset and propagation has been first demonstrated by Hocheng and Dharan [9] , by their development of a model based on Fracture Mechanics to determine the critical thrust force for delamination, 2 1 2 12
where G Ic is the interlaminar fracture toughness in mode I, E 1 is the elastic modulus and ν 12 is the major Poisson ratio of the unidirectional plate. According to this equation, if at some moment the thrust force is higher than F crit , delamination occurs. A careful choice of drilling parameters, of drill geometry or the use of a pilot hole, as evidenced in [10, 11] , can reduce delamination hazard.
Composite materials are a mixture or a combination of two or more constituents, the matrix and the reinforcement. The mechanical properties of the reinforcement are superior to those of the matrix. In some cases, one constituent can be the result of more than one phase with different characteristics. In that case the composite receives the designation of hybrid. The term hybrid is here referred to a composite that has two types of reinforcement fibre in its construction, namely carbon and glass fibres in an epoxy matrix. As individual plies of the laminate have one type of reinforcement only, this type of hybrid is known as interply. This laminate, using carbon and glass fibres as reinforcement, is considered an excellent mix as it balances price and mechanical properties.
In this work, laminates with 4 mm thickness are produced, considering a quasi-isotropic stacking sequence with 25% of carbon fibre reinforced plies. Coupons from the plate are tested and results from tensile and flexure tests compared with those from monolithic carbon and glass reinforced laminates. Interlaminar fracture toughness in Mode I was also determined for all interfaces.
Experimental drilling tests were carried out on hybrid plates and thrust force was monitored. Three different drill geometries are used for comparison: a twist drill, a Brad drill and a specially designed step drill. After drilling, delamination extent is determined with the help of enhanced radiography [12] , and a comparison criteria is used for damage area evaluation. That criteria is the Damage ratio -D RAT -defined as the ratio between hole peripheral damage area -D MAR -and nominal drilled hole area -A AVG - [13] ,
Results from thrust force during drilling are compared against the critical thrust force for delamination onset according to the Hocheng-Dharan model [9] . Finally, a bearing test according to ASTM D5961-01 is performed on the drilled coupons in order to evaluate the influence of different tools on the load carrying capacity. Results from experimental work will lead to a conclusion about the influence of drill geometry and drilling parameters, like feed rate, in delamination occurrence.
Materials and methods
The hybrid plates necessary for the experimental work were made from carbon/epoxy and glass/epoxy pre-preg with a stacking sequence of [(0/-45/90/45) C /(0/-45/90/45) 3V ] s , giving the plate quasi-isotropic properties. The laminate was then cured under 3 kPa pressure and 140ºC for one hour using a hot plate press and air cooled. At the end, the plate thickness was 4 mm. From these plates, a total of five test coupons for each test -tensile, flexure, drilling and bearing -were cut.
For DCB -Double Cantilever Beam -tests, the stacking sequence was different. According to test standard, unidirectional laminate plates should be used, in order to avoid fibre bridging. Initiation of delamination along the intermediate layer is set by the inclusion of a thin PTFE film. The laminate was cured under the same conditions as described above.
Plates were drilled in a machining center OKUMA MC-40VA. During drilling, axial thrust force (F z ) was monitored with a Kistler 4782 dynamometer associated to a multichannel amplifier and data collected for a PC. Relevant cutting parameters are presented in Table 1 .
All the drills used have a diameter of 6 mm and were made in tungsten carbide. All parts were drilled without the use of a sacrificial plate. Three types of drill were compared: twist drill with a 1.1 mm pilot hole, Brad drill and a 'special' step drill, designed to reduce delamination during composites drilling. The twist and Brad drills are commercially available. The 'special' step drill has two drilling diameters -1.25 and 6 mm -dividing the drilling operation, and consequently the thrust force, in two stages. This division of the drilling also cancels the chisel edge effect for the final hole drilling. The diameter transition has a conical shape, for soft transition. The drill tip was designed in a way to promote the initiation of the cutting action immediately after touching the plate, thus reducing the indentation effect. The selection of cutting parameters was based on previous tests and results showing the benefit of using moderate cutting speeds and low feed rates. Step drill 118º 53 0.025
Radiography can be used for the detection of delamination in a composite plate if a contrasting fluid, like di-iodomethane, is used. After an immersion time of 1h30min, the plates are retired from the fluid and radiographed. Developed radiographies were scanned for delamination around the hole measurement, with the help of Computational Vision techniques [12] , and using Eq. 2.
Results and discussion
Material testing. The hybrid material referred before was tested in order to evaluate its main mechanical properties. Also, test samples from monolithic materials -carbon/epoxy and glass/epoxy -of identical thickness were tested under the same conditions to establish a comparison pattern. Tensile tests were run according to EN ISO 527-4 and flexure tests according to ASTM D790. Interlaminar fracture toughness in Mode I -G Ic -was evaluated through DCB test according to ISO/DIS 15024 procedure with calculations following the compliance method. Results obtained are presented in Table 2 . For all the results considered, it is possible to observe that the hybrid stacking sequence has mechanical properties that are in the middle range of those obtained for carbon/epoxy plates and those of glass/epoxy plates. It is an alternative construction that can be used after a cost/benefit analysis. The most interesting result is the interlaminar fracture toughness that is almost identical of that of carbon/epoxy plates.
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Advanced Materials Forum IV Thrust force. The shape of the thrust force curve during drilling hybrid laminates were consistent with others curves obtained when drilling carbon/epoxy plates [14] with a rise right after the tool contacts the part, followed by a steady phase of normal drilling and descend as the drill tip approaches and exits the opposite side of the plate. Initiation of delamination is largely dependent on the maximum value of thrust force, which is normally reached at the normal drilling stage, corresponding to full engagement of the drill. For that reason the value used for comparison of the three tools geometry was the maximum thrust force during drilling (Fig. 1) . It is possible to observe that this value is approximately equal for the three drills, suggesting that feed rate plays a major role in this result. Drilling experiences with a feed rate of 0.05 mm/rev resulted in an increase of around 70% in maximum thrust force, showing the importance of feed rate, as already recognized by Davim and Reis [5] . Delamination measurement. As plates are opaque, an enhanced radiographic method for obtaining damaged regions was used. Details of the procedure can be found elsewhere [12] . Results of the application of Eq. 2 are presented in Fig. 2 . Despite the fact that the maximum thrust force was almost the same for the three tools, it is possible to differentiate the results of delaminated area. The 'special' step drill geometry has the best results, minimizing the damaged area around the hole. Use of a step drill has reduced delaminated area in about 10% when compared to twist drill or 20% if compared to brad drill geometry. Even so, this result needs confirmation by mean of a destructive test, as reported in next paragraph. Bearing stress. Finally, plates were tested in order to determine the load bearing capacity of the drilled part. The more appropriate test to determine this carrying capacity is the bearing test, designed to evaluate the response of multidirectional polymer matrix composite laminates reinforced by high-modulus fibres. Results for the three tolls geometries used are shown in Table 3 and, again, the step geometry has revealed the best result of the test. Most remarkable is the fact that result sequence is the same as those obtained for delamination, suggesting a correlation between delamination area and bearing test results. Another point to remind is the difference between these results and the average results obtained for glass/epoxy and carbon/epoxy plates, denoting the good compression properties of laminates that use glass fibre as reinforcement. 
Conclusions
Hybrid laminates can be a good alternative to monolithic carbon/epoxy laminates when cost reduction issues are concerned. Drilling of these parts raise the same problems as those observed in monolithic laminates. For this reason, a 'special' step drill was compared with two standard drills, a twist drill and a brad drill. Results considered for this comparison were maximum thrust force during drilling, delamination area and bearing test result. It was possible to demonstrate that, despite the almost identical maximum thrust force, the best results for delamination and bearing test were obtained with the step drill geometry. This drill, a prototype developed by the first author, can be a good help in the design of a dedicated drill for composite laminates. A correlation linking plate damage to bearing test results can be established.
